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A number of models have proposed that the monoaminergic neurotransmitters modulate the expression of basic personality dimensions (Cloninger 1987; Depue et al. 1994; Zuckerman 1996) . These models generally agree that dopamine is associated with behavioral activation, and serotonin with behavioral inhibition. For example, Cloninger (1987) links the dopamine system with novelty seeking and serotonin with harm avoidance, while Zuckerman (1996) proposes that impulsive sensation seeking is a joint function of a highly reactive dopaminergic system and a weakly reactive serotonergic system. Empirical research to test the above hypotheses uses a variety of methods to measure impulsivity. Human studies typically use self-report interviews or questionnaires, but the different inventories designed to measure this construct frequently do not correlate highly with one another (Barratt 1994; Eysenck et al. 1985; Parker and Bagby 1997) . In contrast, for animal studies impulsivity has usually been inferred from responses in tasks that measure the ability to inhibit spontaneous or previously learned behavior (e.g., passive avoidance, approach-avoidance, or punished responses) (Soubrie 1986; Evenden 1999) . When human subjects are tested with similar paradigms, however, the results do not correlate well with impulsivity measures from personality inventories (White et al. 1994) . Several researchers have proposed that impulsivity is multifaceted, but there is presently no general agreement as to what its components are or how they should be measured (Evenden 1999; Parker and Bagby 1997) .
Many of the problems associated with impulsivity and impulsivity disorders occur in a social context. Yet standardized measurement techniques to assess impulsivity in humans or in rodent models rarely use social cues. Social and naturalistic measures, such as the quality of aggressive behavior, presence of bite wounds, early mortality and early emigration, have been used to infer impulsivity in research with nonhuman primates (Botchin et al. 1993; Higley et al. 1996a,c; Kaplan et al. 1995; Mehlman et al. 1994 Mehlman et al. , 1995 . Because these measures depend on spontaneous events, however, they require long periods of behavioral observation and/or free-ranging settings. We have recently developed a standardized challenge that employs a salient social stimulus (an unfamiliar intruder) to elicit individual differences in response tendencies. The Intruder Challenge produces a reliable and consistent index of social impulsivity, as validated in a large sample of adolescent and adult male vervet monkeys (Fairbanks 2001) .
Here we present the results of two studies evaluating aspects of the central serotonin system in relation to social impulsivity in vervet monkeys using the Intruder Challenge paradigm. In the first, we test the hypothesis that variation in social impulsivity is related to individual differences in levels of the metabolites of serotonin (5-HIAA), and dopamine (homovanillic acid [HVA] ) measured in CSF. Based on the prior literature, we hypothesized that high social impulsivity would be related to low CSF 5-HIAA levels and a low 5-HIAA/ HVA ratio. The second study assessed the effects of a 9-week course of fluoxetine (a serotonin reuptake inhibitor) on social impulsivity. We hypothesized that the resulting alterations in extracellular serotonin, and/or neuroadaptations affected by chronic fluoxetine, would result in lower levels of social impulsivity in treated animals compared to controls.
STUDY 1: RELATIONSHIP BETWEEN SOCIAL
IMPULSIVITY AND 5-HIAA
Methods
Subjects. The subjects were 138 male vervet monkeys ( Cercopithecus aethiops sabaeus ) living in social groups at the UCLA/VA Vervet Monkey Research Colony. All groups were housed in outdoor enclosures, with chain link sides and adjacent enclosed night rooms. The American Association for the Accreditation of Laboratory Animal Care has approved the facility, and animal care is in accordance with the NIH Guide for the Care and Use of Laboratory Animals. Subjects varied in age from 3.5 to 18 years, but most were adolescent or young adult (28 3-year-olds, 25 4-yearolds, 31 5-year-olds, 31 6-8-year-olds, 23 9-year-olds or older). Eruption of the third molar occurs at age four for vervet males, and full adult size and completed dentition is achieved at age five. Most of the males were living in naturally composed mixed-sex social groups ( n ϭ 106). The remaining ( n ϭ 32) lived in all-male groups. All animals were born and reared in the colony by their mothers. There were no changes in group composition or dominance rank within the groups between the time of behavioral assessment and CSF collection.
Intruder Challenge. In the Intruder Challenge test, 3 or 4 males were locked in the outdoor portion of the home enclosure and all other group members were confined to the indoor night room. Subjects were free to move around the outdoor area. At the beginning of the test session, an individual cage (31 Ј high ϫ 24 Ј wide ϫ 28 Ј deep) containing an unfamiliar adult male (the intruder) was placed at the edge of the enclosure, touching the outside of the chain link fence. The intruders were selected from animals unfamiliar to the subjects, and were not included in the study sample.
Using one observer per subject, the behavior of each animal was scored as present or absent in 1-min intervals over a 30-min test session. Behavior categories included behaviors directed toward the intruder (approach to within 1 m; sit within 1 m; touch, muzzle, threaten, and agonistic display), anxiety-related behaviors (pacing, scratching), aggression directed toward other group members or neighboring groups, and nondirected expressions of arousal (yawn, erection). Spatial position and head orientation were coded in point samples at the end of each minute. Latency to approach the intruder was recorded when the subject first moved to within 1 m of the intruder's cage. Inter-rater reliability for scores on individual behaviors from this data set ranged from r ϭ 0.94 (threaten) to r ϭ 1.00 (within 1 m).
CSF Collection.
Cerebrospinal fluid samples were collected 1 to 2 months following behavioral assessment. Prior results from our laboratory and others have demonstrated that levels of 5-HIAA and HVA tend be stable and trait-like within individuals over this time period (Higley et al. 1996a,b; Raleigh et al. 1992) . At the time of sample collection, the animals were fasted overnight, run into squeeze cage tunnels inside the night rooms and anesthetized with 8-10 mg/kg ketamine hydrochloride administered intramuscularly. Approximately 0.5 ml of CSF was withdrawn from the cisterna magna using a 22 gauge 1.5 inch short bevel hypodermic needle. The average time between administration of ketamine and sample collection was less than 10 min.
After obtaining CSF samples, aliquots were centrifuged to remove any red blood cells, then transferred to amber polypropylene vials containing an equal volume of a solution containing 0.1 N perchloric acid, 0.1% sodium metabisulfite, and 0.05% EDTA. Samples were frozen at Ϫ 70 Њ C until the time of the analysis.
HPLC Analysis of Serotonin and Dopamine Metabo-
lites. An automated sample/injector unit was coupled to an HPLC system, consisting of a Shimazu solvent delivery system with a mobile phase of 9.5:90.5 (v/ v) of acetonitrile:aqueous buffer (75mM Na2HPO4, 1.8 mM octanesulfonic acid-sodium salt, 12 M EDTA, pH 3.1) at a flow rate of 0.8 ml/min. An Alltech C18 reverse phase (rp) column (100 ϫ 4.6 mm, 3 m particle size) preceded by a C18rp guard column (7.5 ϫ 4.6 mm, 5 m) was connected to an electrochemical detector (Coulochem II, ESA, Chelmsford, MA) set at an applied potential of ϩ 0.02V at detector 1 and ϩ 0.40V at detector 2. Detector response was linear for 0.05-10 ng (r ϭ 0.99) for linear regression calculations of all compounds assayed; within-assay variance was less than 5%). Peak areas for 5-HIAA and HVA were quantitated with the Rainin MACintegrator system. Data Analysis. Because scores on individual behaviors were highly interrelated, principal components analysis was used to identify independent dimensions. The latency to approach and the frequency of the 6 active behaviors directed toward the intruder produced one strong factor (eigenvalue ϭ 4.29) with loadings greater than 0.50 for each of the variables. A positive score on this factor was associated with a short latency to approach the intruder and high scores for the number of intervals within 1 m; sitting within 1 m; and touching, sniffing, displaying to, and threatening the intruder. After reversing the latency score (30 Ϫ latency), these 7 measures were summed to produce a single score on a dimension from inhibited to impulsive, with a high score reflecting greater impulsivity. This index has been previously shown to be internally reliable (Cronbach's alpha ϭ 0.84) and consistent across trials (intraclass correlation coefficient ϭ 0.83) (Fairbanks 2001) .
Pearson correlations and analysis of variance with polynomial contrasts were used to test the associations between the social impulsivity index and concentrations of 5-HIAA and HVA in CSF. Independent effects of one measure while controlling others were determined via partial correlation and stepwise linear regression. For the analysis of variance, impulsivity scores were divided into quartiles. Complete data on the behavioral and CSF measures were available for all 138 subjects in Study 1.
Results
The male monkeys varied considerably in their response to the unfamiliar intruder. Some of the males immediately rushed over to the intruder's cage, tried to reach in and touch the stranger, and threatened him at close range. Others avoided the intruder for the duration of the 30-min test period, or approached cautiously and threatened only from a safe distance. Males in the most impulsive quartile on the Impulsivity Index spent two-thirds of the time intervals within 1 m of the intruder, frequently reached into the intruder's cage, and threatened or displayed assertively to him in one-third of the intervals. In contrast, males in the most inhibited quartile took an average of 18 min to approach, spent less than 1 interval in front of the intruder, and never reached into the intruder's cage. Table 1 shows the correlation matrix of the Social Impulsivity score, the two monoamine metabolites and age. Social Impulsivity was inversely correlated with 5-HIAA (r ϭ Ϫ .33, p Ͻ .001), as hypothesized. This result is depicted in Figure 1 , which shows the mean ( Ϯ standard error) levels of 5-HIAA for each quartile on the Impulsivity scale. As suggested by the above correlation, there was a significant linear relationship between Impulsivity quartile and 5-HIAA (F ϭ 15.65, df ϭ 1,134, p Ͻ .001). Simple contrasts between quartiles, with separate variance estimates, indicated that the mean level of 5-HIAA for Impulsive males was lower than that of the Moderately Inhibited ( p Ͻ .05) and Inhibited males ( p Ͻ .01). Table 1 indicates that Social Impulsivity declined significantly with age. The mean and range of ages by Im-pulsivity quartile were as follows: most impulsive (mean ϭ 5.2 years, range ϭ 3.5-14); moderately impulsive (mean ϭ 6.2 years, range ϭ 3.5-13); moderately inhibited (mean ϭ 7.9 years, range ϭ 3.5-18); most inhibited (mean ϭ 6.2 years, range ϭ 3.5-13). A partial correlation analysis of the independent contribution of 5-HIAA to Impulsivity, with age controlled indicated that when the effects of age were partialled out, the inverse correlation between 5-HIAA and Impulsivity was still statistically significant (partial r controlling age ϭ Ϫ 0.32, p Ͻ .001). The correlation between Impulsivity and 5-HIAA was negative for every age group.
Levels of 5-HIAA were significantly correlated with HVA and the 5-HIAA/HVA ratio in this sample, and both of these measures were also inversely correlated with the Social Impulsivity index. A series of partial correlations and linear regressions were performed to determine the independent contribution of each of these variables to Impulsivity. The results indicated that when HVA was controlled, the inverse correlation between 5-HIAA and Impulsivity was still statistically significant (partial r controlling HVA ϭ Ϫ 0.28, p Ͻ .01). In contrast, after controlling for 5-HIAA, the correlation between HVA and Impulsivity was no longer significant (partial r ϭ 0.03, n.s.). The ratio of 5-HIAA to HVA did not contribute to the prediction of Impulsivity beyond the contribution of 5-HIAA alone (partial r ϭ Ϫ 0.10, n.s.). These results suggest that the primary association in this data set is between the Impulsivity Index and 5-HIAA. Correlations of Impulsivity with HVA, or with the 5-HIAA/HVA ratio, can be explained by their relationship to 5-HIAA.
The Social Impulsivity scale consists of two components, an approach component and an aggressive component. The two subscales were positively correlated (r ϭ 0.61, p Ͻ .001), and each was negatively correlated with 5-HIAA (Approach: r ϭ Ϫ 0.31, p Ͻ .001; Aggression: (r ϭ Ϫ 0.17, p Ͻ .05). When the independent association of each component with 5-HIAA was assessed, the inverse association of 5-HIAA with the Approach subscale was still statistically significant (partial r ϭ Ϫ0.27, p Ͻ .01), but the relationship of 5-HIAA to the Aggression subscale was not (partial r ϭ 0.04, n.s.). Figure 2 shows the mean 5-HIAA levels for males that approached immediately versus those that waited more than a minute to approach, by high versus low aggressiveness. A 2-way analysis of variance of latency by aggression indicated that there was a significant effect of latency (F ϭ 7.06, df ϭ 1,134, p Ͻ .01), but the contribution of aggression was not statistically significant (1.24, df ϭ 1,134, p ϭ .27). That is, irrespective of aggression, short latency animals had lower CSF 5-HIAA levels than did long latency animals. An exploratory regression analysis was run to determine if 5-HIAA was associated with other behavioral dimensions in the Intruder Challenge test. Behaviors reflecting anxiety, arousal, and redirected aggression were included with the Impulsivity Index in a stepwise linear regression. The Impulsivity Index was the first variable to enter the equation, and no other measures added significantly to the prediction of 5-HIAA levels. The index of anxiety was not significantly related to 5-HIAA (r ϭ 0.02, n.s.) or HVA (r ϭ Ϫ0.16, n.s.).
STUDY 2: EFFECT OF FLUOXETINE ON SOCIAL IMPULSIVITY Methods
Subjects. The subjects were 18 adult male vervet monkeys living in 6 social groups at the UCLA/VA Vervet Monkey Research Colony. Each group initially contained 4 adult males, several adult females, and their offspring. Prior to treatment, the highest ranking adult male was removed from each of the 6 groups, leaving behind 3 lower ranking males as subjects for the present study. The age of the males varied from 6 to 16 years, with a mean of 9 years. One male from each of the 6 social groups was randomly selected for treatment with fluoxetine and the remaining 2 males served as controls, resulting in a total of 6 treated and 12 control subjects. The treatment and control groups did not differ in age or pre-treatment dominance rank.
Treatment. Fluoxetine HCL (Sigma) was dissolved (6mg/ml) in a solution that consisted of 6:94 (v/v) of Tween 20:saline and then filter-sterilized (0.22 m). Vehicle injections were with the Tween 20:saline solution only. All injections were administered daily between 7-9 A.M. for 9 weeks. Treated males received 2 mg/kg i.m. fluoxetine, and control males received saline vehicle (Raleigh et al. 1985) .
Intruder Challenge. The Intruder Challenge test, as described for Study 1, was conducted at the end of the treatment period. Observers were blind to subject's treatment status.
Data Analysis. The Impulsivity score was calculated as described above for Study 1. The nonparametric Mann-Whitney U test was selected to compare group means in Study 2, because the variances were not homogeneous and the control group contained an outlying value.
Results
Mean Impulsivity scores for experimental and control animals are shown in Figure 3 . Subjects treated with fluoxetine scored significantly lower in Impulsivity than control subjects (Mann-Whitney U ϭ 14, p Ͻ 0.05). Anxiety-related behaviors were also lower in the fluoxetine group, but the differences were not significant.
GENERAL DISCUSSION
In the studies reported here, social impulsivity in response to a stranger was related to individual differ- ences in CSF 5-HIAA and was responsive to treatment with fluoxetine, a serotonin reuptake inhibitor. In Study 1, males that immediately rushed over and challenged the intruder were lowest in CSF 5-HIAA, while those that avoided the intruder for the duration of the test period had the highest concentrations of CSF 5-HIAA. The results of Study 2 suggest, further, that this association may be causal, as animals treated with a serotonin reuptake inhibitor (fluoxetine) responded less impulsively to the intruder than did untreated controls. These results are consistent with the hypothesis that the central serotonin system contributes to the inhibition of impulsive behavior (Coscina 1997; Soubrie 1986 ).
There are several lines of evidence supporting the validity of the Social Impulsivity index from the Intruder Challenge test as a measure of a dimension of temperament from impulsive to inhibited. First, the behavioral reactions of males in the upper and lower quartiles provide face validity for the interpretation that animals scoring high in impulsivity are performing risk-laden behavior. Impulsive males (in the upper quartile of the index) immediately rushed over to an unfamiliar adult male without stopping to assess the consequences (Fairbanks 2001) . They provoked the intruder with threats and assertive displays, and risked injury by positioning their faces and arms within reach of the intruder's hands and teeth. Males in the lowest quartile, in contrast, avoided contact with the intruder and only threatened from a safe distance. Second, the Impulsivity Index is sensitive to the increases in impulsivity in adolescence. Scores were highest for 4-year-old males, the age when vervet monkeys leave the safety of the natal group and challenge unfamiliar adult males for access to new groups (Fairbanks 2001) . Third, the highest ranking adult males in each group were significantly more likely to score in the moderate range on the Impulsivity Index than at either extreme (Fairbanks, 2001) . This suggests that the most impulsive and most inhibited males are less socially successful than more moderate males. Finally, the Intruder Challenge also produces an index of anxiety-related behaviors. Scores on the Anxiety Index were not significantly correlated with scores on the Impulsivity Index in this sample (r ϭ Ϫ.12). This indicates that the Impulsivity Index is not simply reflecting individual differences in anxiety, but that impulsivity and anxiety are independent dimensions of temperament.
Impulsivity is often inferred as the common feature underlying aggressive behavioral disorders that have been associated with indices of low serotonin function Linnoila et al. 1993) . It is unclear, however, whether aggression is a necessary consequence of reduced serotonergic function, or whether it is but one of a family of behaviors that may be disinhibited depending on context, mood, and motivation. The present study provides data that allows partial disentanglement of the effects of serotonergic function on impulsivity versus effects on aggression. Although the test verified the presence of an inverse association between 5-HIAA and both impulsive and aggressive behavior in vervet males, further analysis demonstrated that impulsivity-inhibition was the principal dimension related to the serotonin metabolite. Aggression was correlated with 5-HIAA through its association with impulsive approach. This outcome could be interpreted as implying that the relationship between 5-HIAA and aggression was mediated through a general reduction in social inhibition. Our observations of the males' behavior indicated that the intruder was an evocative stimulus for all subjects. In males with low CSF 5-HIAA levels, response impulses were translated into immediate approach and confrontation. Males with high 5-HIAA levels also showed evidence of interest and arousal (through high rates of locomotion, scratching, yawning, vocalizing, and redirected aggression), but the urge to respond directly to the intruder was apparently inhibited.
Research concerning serotonin and impulsivity in humans and nonhuman primates is often discussed and interpreted in the context of neurochemical dysregulation and behavioral abnormality. The current study demonstrated that there is a linear relationship between 5-HIAA levels and response to an intruder throughout a broad range of behavioral expression, from relatively inhibited to impulsive. Thus, while some animals (those in the upper quartile for impulsivity with the lowest mean CSF 5-HIAA values) may have inappropriately put themselves at high risk through a disinhibited pattern of approach to a potentially dangerous stranger, there was an equal number of animals at the other extreme. Males in the most inhibited quartile were characterized by the highest CSF 5-HIAA levels. The inhibited males adopted a safe, conservative approach to the intruder, a reaction that may be less risky than that exhibited by the impulsive animals but that could lead to reduced success in male-male competition and loss of opportunities in challenging situations. In this data set, males that had attained the highest dominance rank in their social groups tended to be moderate in their responses to the intruder and were less likely than lower ranking males to be either extremely impulsive or extremely inhibited (Fairbanks 2001) . Hence, variation in impulsivity-inhibition, and associated serotonin metabolism, could conceivably carry costs at the high as well as the low extreme. This latter conclusion is consistent with findings that elevated CSF 5-HIAA levels have been associated with overly inhibited and obsessive behavior in clinical populations. Positive correlations of CSF 5-HIAA with neuroticism and with obsessive-compulsive symptoms have been reported for patients with depression, anorexia and bulimia (Kaye et al. 1991 (Kaye et al. , 1998 Roy 1999 ).
Concentrations of monoamine metabolites in cisternal cerebrospinal fluid were used here as an indirect measure of neurotransmitter activity in the central nervous system (CNS). Although the relationship of 5-HIAA to the overall functioning of the serotonin system has not been well defined (Commissiong 1985) , there are several indications that monoamine metabolite levels are useful indicators of individual differences in underlying serotonergic processes. First, collection of CSF from the cisterna magna ensures that most of the metabolite obtained is derived from activity in the brain. Second, baseline concentrations of cisternal 5-HIAA and HVA have been shown to be consistent and traitlike within individuals (Higley et al. 1996a; Raleigh et al. 1992) . Finally, the persistence of observations of correlations between 5-HIAA levels and behavioral measures of impulsivity and aggression across a wide range of human and non-human primate studies suggests that this index reflects relevant variation in some aspect of CNS neurotransmitter activity. A limitation of CSF measures is that they do not localize variation in activity to specific receptors. Such specificity is perhaps better obtained through targeted pharmacological challenge (Olivier and Mos 1992) or genetic manipulation. For example, studies with knockout mice suggest that serotonergic influences on impulsive and aggressive behavior may be mediated through 5-HT 1B receptors (Brunner and Hen 1997) . Knockout mice lacking 5HT 1B receptors are more aggressive than both wild type, and 5-HT 1A knockout mice in a resident intruder test (Saudou et al. 1994) . The rapidity of attack in the isolationinduced aggression paradigm suggests, moreover, that 5-HT 1B receptors may modulate impulsivity as well as aggressiveness (Ramboz et al. 1996) .
The results from Study 2 demonstrate that vervets treated with fluoxetine scored lower in social impulsivity than untreated controls. Although the mechanisms of action induced by chronic fluoxetine are not completely understood, several recent reports have found similar reductions in aggressiveness and related traits following treatment with serotonin reuptake inhibitors (SSRIs). For example, reported that fluoxetine significantly reduced scores on the Irritability and Aggression subscales of the Overt Aggression Scale of impulsive-aggressive personalitydisordered subjects. In a study of the effects of SSRI treatment on normal volunteers, Knutson et al. (1998) found that decreases in assaultiveness and irritability on the Buss-Durkee Hostility Inventory were related to plasma paroxetine levels following 4 weeks of treatment. Alcohol consumption, which has often been associated with impulsivity, has been shown to be reduced by SSRI treatment in human alcoholics (Tiihonen et al. 1996) and in a rhesus monkey model of excessive alcohol consumption (Higley et al. 1998) . In contrast, paroxetine reduced harm avoidance and increased assertiveness and boldness in patients with anxiety, depression or obsessive-compulsive disorder (Allgulander et al. 1998; Brody et al. 1999) . These latter studies suggest that treatment with an SSRI may serve to normalize mood and behavior rather than move response tendencies consistently toward behavioral inhibition.
Human and animal research on serotonin-behavior relationships uses a variety of methods to measure impulsivity, aggression, and inhibition. The Intruder Challenge test employed in this research is a variant of resident-intruder paradigms designed to measure aggression in rats and mice (Olivier and Mos 1992) . Here, the test was used to measure trait-like individual differences in social impulsivity. The Intruder Challenge produces a highly reliable and repeatable index of social impulsivity in a 30-min test session (Fairbanks 2001) . The test can be used not only to measure extremes of impulsivity but also to quantify variation across the full range of individual differences from impulsive to inhibited. In the studies reported here, the Impulsivity Index was related to individual differences in CSF 5-HIAA, and was responsive to treatment with fluoxetine. The Intruder Challenge test, thus, provides a new method of measuring impulsivity that can extend our understanding of serotonergic influences on social behavior.
